Heavy metals have become a subject of special concern worldwide, mainly due to high persistence in the environment, toxicity, biogeochemical recycling and ecological risk. Therefore, the objective of this investigation was to analyze the spatial-temporal distribution of heavy metals in water and sediments to determine the environmental status of El Guájaro Reservoir, where such studies have not been developed. Two measurement campaigns (dry and wet period) were carried out and eight sampling stations were selected. A comparison of water and sediment quality parameters with existing national and international regulations was done. Also, heavy metal distribution maps were generated, and the geoaccumulation index was calculated to identify sources and sediments contamination level. Based on the obtained results, agriculture and mining activities are the main causes of the reservoir contamination. This metals levels could be a potential risk for the aquatic life and the populations that are supplied from this water body.
well as for their bioaccumulation and biomagnification in the trophic chain (Papagiannis et al. 2004; Gao and Chen 2012) .
It has been shown that concentrations of heavy metals in aquatic ecosystems are influenced by economic development and population growth (Zhang et al. 2016) .
Heavy metals are entrained to the surface waters by different means and processes (e.g. runoff, precipitation, atmospheric deposition, migration, adsorption, point spills, etc.) and then deposited in the sediments (Scherer et al. 2011) . Through different processes of microbial activity and remineralization of OM, the sediment contaminants, either dissolved in the water or suspended next to the particulate material, are integrated back into the water column (Mariani and Pompêo 2008) .
El Guájaro Reservoir is one of the most important aquatic ecosystems in the Department of Atlántico, Colombia, because it supplies three irrigation districts, supports fishing, livestock and agricultural activities, and supplies water for consumption to the inhabitants of the region (CRA 2014) . El Guájaro is an artificial water body, which has connection through two floodgates (Villa Rosa and El Limón) with the Canal del Dique (Torres-Bejarano et al. 2016) , and this in turn with the Magdalena River (Fig. 1 ). This ecosystem is vulnerable to contamination by heavy metals, due to the 1 3 agricultural and mining activities, also by the lack of environmental studies to understand the risk that represent these pollutants for this water body. The objective of this research was to analyze the spatial distribution of heavy metals (Hg, Pb, Zn) in water and sediments to determine the environmental condition of El Guájaro Reservoir, in comparison with Colombian regulations and international ecological criteria.
Materials and Methods
El Guájaro Reservoir is located south of the Department of Atlántico (10°25′-10º38′N and 75°00′-75º08′O) (Fig. 1) , with an area of 14,000 ha, a total volume of 400 mm 3 and a useful volume of 230 mm 3 (Torres-Bejarano et al. 2016 ). It drains 12,000 ha through three irrigation districts and the two floodgate systems that communicate with the Canal del Dique allow control of reservoir levels. Currently the floodgates have an operation protocol, to establish the actions required (floodgates opening/closure) according to the hydrological season presented and the reservoir and Canal del Dique water levels (Uninorte 2009; CRA 2012) . Six vertical floodgates were installed on the Villa Rosa site.
The average flowable by the gates is 15 m 3 /s. On El Limón, four radial floodgates with capacity for 100 m 3 /s and up to 250 m 3 /s during the wet season, to allow, during the high levels of the Canal del Dique, the contribution of water to the reservoir.
The operation of the floodgates seeks to fill the reservoir in the high-water periods, to have enough water for irrigation during the following summer, and with the surpluses to satisfy the demand at the end of the dry period and to carry out washings to improve the water quality.
The foregoing implies that the operation of these regulatory structures plays a preponderant role in the management of the reservoir levels for water supply and environmental purposes. However, this operation protocol is not actually implemented, due to the uncontrolled management by the inhabitants of the area, who irregularly operate the floodgates opening and closure.
The Guájaro reservoir watershed has a total area of 921 km 2 and is divided into 31 sub-basins converging in the Canal del Dique, (Fig. 1) . The main activities in this area are agriculture (32.3%), cattle raising is less important (8.4%) and exploitation of quarries has recently become important (22.1). Fishing (14.8%) also represents an important item in the economy of the nearby populations, occupying the third place among the identified trades (CRA 2014) . The meteorological conditions of the area are given by high temperatures (28-30°C), with dry periods (between January-March and June-September) and a rainy period (April-May and October-November). The average annual rainfall is estimated at 1048 mm, of which approximately 94% falls between the months of April and November. Conversely, the evaporation on the water surface of the reservoir has average monthly values between 117 (March) and 200 (November) mm (Uninorte 2009). In addition, this zone is affected by a marked interannual variability, caused by climatic anomalies: El Niño and La Niña (Ruiz et al. 1994; CRA 2012) .
In this water exchange are incorporated to the reservoir contaminants that these sub-basins drag in their channel. Domestic and non-domestic wastewater discharges have increased, according to the environmental authority, which may cause the reservoir to exceed its capacity of loading and self-purification, aggravating the problems of quality and environmental health of the reservoir. Likewise, mining activities, such as quarries, generate mining waste such as heavy metals that affect water quality (Vallejo et al. 2016) . The municipalities of Repelón and Luruaco are part of the Calamarí Mining District, these are in the perimeter of El Guájaro Reservoir, (north and north-west zone) in the humid depression of the reservoir. There are conformed for 45 mining operations of construction materials (sand, gravel, crushed) of which 20 are active. Also, subsistence mining (illegal) is present on stream channels.
Two measurement campaigns were carried out in June and November 2016 (dry and rainy period, respectively) and eight sampling points distributed throughout the reservoir area were selected (Fig. 1 ). Water and sediment samples were collected, following the guidelines of the Standard Methods methodology (APHA 2005) .
For the sampling sites selection, the Guide for monitoring of discharges, surface and groundwater was used (IDEAM 2002) , in which the factors and criteria for sampling sites location in surface water bodies are established.
For heavy metals in water, 500 ml of sample were taken at each point with a Van Dorn water sampler approximately to one meter deep. The samples were filtered (0.45 µm) and acidified (HNO 3 to pH 2.0). The water samples were stored in amber glass bottles and refrigerated at 4.0°C for transportation (APHA 2005) . And for heavy metals in sediments 100 g of sample were taken at each point, collected from the surface sediment layer with an Ekman dredger. The samples were stored in sterile polyethylene bags and kept at 4°C for transport. All the samples were collected by duplicate to determine the precision of tests and sample handling.
At laboratory, the samples were dried at room temperature with the purpose of preventing mercury volatilization due to heating. The analysis of Hg, Pb and Zn in water and sediments was performed by the Toxicology and Environmental Management Laboratory at the University of Cordoba using the atomic absorption spectrophotometry technique with a spectrometer ICE 3500 AAS Thermo Fisher Scientific.
Samples were crushed with a stainless-steel mill, subsequently sieved through a 60 µm mesh and homogenized to ensure sample representativeness according to MarrugoNegrete et al. (2017) . For determining total metal concentrations, 1 gram sample (dry weight) was digested with HNO 3 / HCl (3:1) for two hours or until the complete consumption of the sample using Method 3051 A (US. EPA 2007a); Hg was digested with H 2 SO 4 /HNO 3 /KMnO 4 following the US EPA Method 7471B (US. EPA 2007b). Metal contents were determined by atomic absorption spectrophotometry with cold vapor (Hg) and by voltametry (Pb, Zn). Quality control was performed by duplicate analysis of a standard sediment sample (International Atomic Energy Agency, IAEA-405). Accuracy, expressed as recovery average, ranged between 97.1% and 99.1%, and precision, as variation coefficient, between 1.4% and 3.1%.
The method for heavy metal estimation was validated with the certified reference material 'Trace Metals Soil-Sediment' (CRM008-050: certified value; Hg 0.72 mg/kg, Pb 95.3 mg/ kg, Zn 133.5 mg/kg).
The environmental authority reports monitoring physicochemical, microbiological and hydrobiological characterization of the reservoir from 2009 to 2014 (CRA 2014). Although there are no scientific reports that have information regarding the water for consumption of the populations surrounding Guájaro reservoir, it is known that the population of La Peña is the only one that uses the water from the reservoir for human consumption, while Repelón it uses water from the dike channel and the Villa Rosa populations from a deep well. This suggests that, either directly or indirectly, the population living around the reservoir may be at risk from contamination by heavy metals. In this research a comparison was made of the water quality parameters and heavy metal content in relation to the established in the Colombian legislation Decree 1076/2015 (Miniambiente-Ministerio de Medio Ambiente y Desarrollo Sostenible 2015), for the human consumption and domestic use. For sediments, in Colombia there is no current legislation, so the comparison was made with the Canadian Environmental Quality Guide (CEQGs) (CCME 2014).
The concentration results of heavy metals in water and sediment were processed and interpolated by the Kriging interpolation method and distribution maps generated with SURFER software V.13.
The geoaccumulation index (Igeo), widely used to determine the degree of sediment contamination, was calculated (Saleem et al. 2015) . The values were determined using the equation (Müller 1969 ): Igeo = Log 2 C n ∕1.5B n where C n is the concentration of the metal n in the sediment. B n is the geochemical background value of the metal n (Förstner and Salomons 1980 
Results and Discussion
The heavy metal concentrations in water and sediments of El Guájaro Reservoir are listed in Table 1 . For surface waters of El Guájaro Reservoir, Pb and Hg were not detected in dry season, nor Zn for wet season. The southwest and northern zones adjacent to the Repelón Irrigation District are influenced by the mining activity of quarries, which may explain why in those areas the highest concentrations of metals were presented. Additionally, in the agricultural activities in Repelón the use of chemical inputs like LosrbanTM 4E (insecticide), glyphosate (herbicide) and Triple 15 (fertilizer) was reported by Martínez-Mera et al. (2017) .
Zn in dry season ranged from 0.033 to 1.30 mg/L (Fig. 2a) ; Pb concentrations ranged from 0.001 to 0.019 mg/L (Fig. 3a) . The maximum concentration of Hg was 0.0011 mg/L (Fig. 3a) . For human consumption and domestic use, the concentrations of heavy metals were under the limits established by (Fig. 2b, c) , Pb 1.48 mg/kg in dry season and 18.07 mg/ kg in wet season are the highest concentrations (Fig. 3b,  c) and Hg 0.108 mg/kg in wet season (Fig. 4b) . Only for wet season, Zn concentration exceed the permissible limit of 123 mg/kg defined by CEQGs at station 1, 2, 3, and 8. These concentrations exceeding the CEQGs limit are associated with adverse biological effects (CCME 2014).
The geoaccumulation index (Igeo) is divided into six categories according to Müller (1969) , from uncontaminated to extremely contaminated. The geoaccumulation indices obtained for Zn, Pb and Hg concentrations (Table 2) show that the wet season presented the most important problems related to the sediments quality, mainly Zn and Hg. The station 8 shows the highest levels of contamination for both season and all evaluated metals.
The levels of heavy metals in continental and lentic systems such as reservoirs increase with development activities, urbanization and industrialization in their areas of influence (Dhivert et al. 2016) . The presence of these pollutants in waters and sediments are associated with processes of natural origin and human intervention in the biogeochemical cycle of metals (Saleem et al. 2015) .
The highest concentrations of Zn, Pb and Hg detected at sampling point 8 is possibly associated with agricultural activity and wastewater discharges because in the southwest area is located the municipality of Repelón and its Irrigation District (Fig. 1) . Traditional agricultural activities in the region include the direct addition of agrochemicals over long periods of time (CRA 2014). Mahecha-Pulido et al. (2015) identified that some heavy metals are directly related to fertilizers (Cd, Cr, Pb, Zn) and pesticides (Hg, Pb, Zn). Additionally, adjacent to this area the connection of El Guá-jaro Reservoir with the Canal del Dique is located. This connection, through two floodgates (Fig. 1) allows the exchange of 50,000 tons/year of sediment to the reservoir (CRA 2014).
On the other hand, concentrations of heavy metals in sediments were higher in the wet season, possibly due to water drainage from the Repelón Irrigation District and the temporary streams that flow towards the reservoir. Also, as mentioned before, erosion caused by rain drags facilitates the migration of different chemical substances, responding to the concentrations found in this study.
In the northern area of the reservoir, most quarries are located (Fig. 1) for the extraction of building materials such as limestone, sand and stones. Vallejo et al. (2016) reported the Zn among the metals with higher concentrations due to the mining activity. Similarly, in El Guájaro Reservoir, high concentrations of Zn may be associated with this activity, due it contributes 10%-15% of the total sediments delivered by laminar erosion, which are possibly aggregated by atmospheric deposition and runoff (CRA 2014). Likewise, they represent a high risk due to the environmental consequences of the extraction of large quantities of sterile materials (Vallejo et al. 2016) .
Surface water and sediments of El Guájaro Reservoir have shown the presence of heavy metals. The content of Zn, Pb and Hg in the waters and sediments of El Guájaro Reservoir shows a problem of environmental contamination, possibly related to agricultural activity, cattle raising, mining activity, wastewater discharges and the connection with the Canal del Dique (Magdalena river). The southwest and northern zones of the reservoir presented the highest levels of water and sediment contamination for the analyzed metals. Likewise, the highest concentrations of metals were evidenced during the wet season. The geoaccumulation index indicated that sediments are moderately to strongly polluted mainly in the north and south of the reservoir, since the concentrations found were generally higher than the background values (Bn) established by the NOAA. Due to the importance of El Guájaro Reservoir in the region, it is recommended to carry out constant monitoring of heavy metals in this water body and to increase the number of metals to analyze. 
